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Magnetism and structural distortion in the La -Sry sMnO ; metallic ferromagnet
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Neutron scattering studies on a single crystal of the highly correlated electron systemSt.MnO; with
x~0.3, have been carried out elucidating both the spin and lattice dynamics of this metallic ferromagnet. We
report a large measured value of the spin wave stiffness constant, which directly shows that the electron
transfer energy of thd band is large. The spin dynamics, including magnetic critical scattering, demonstrate
that this material behaves similar to other typical metallic ferromagnets such as Fe or Ni. The crystal structure
is rhombohedral, as previously reported, for all temperatures stytdeldw ~425 K). We have observed
superlattice peaks which show that the primary rhombohedral lattice distortion arises from oxygen octahedra
rotations resulting in arR3c structure. The superlattice reflection intensities, which are very sensitive to
structural changes, are independent of temperature demonstrating that there is no primary lattice distortion
anomaly at the magnetic transition temperaflirge=378.1 K; however, there is a lattice contractipB0163-
182996)04121-5

INTRODUCTION system becomes a ferromagnet upon doping with holes. The
current understanding of the Sr-doped systems is similar to
The correlation between magnetism and conductivity inthe double exchange mechanisti, but also includes a
La; _,Sr,MnO;is a classic subject extensively studied duringhighly — correlated electron system’s metal-insulator
the 1950s and 605s.* Undoped(x=0), LaMnQ; is an anti- transitiort® or a strong electron-phonon interactinyhich
ferromagnetic insulator. Upon doping with Sr, this perov-relate back to the high copper oxide materials.
skite oxide becomes a ferromagnetic metal; the change of Tokura and co-workers recently observed a giant negative
magnetism was well explained by the double exchange hopghange in the magnetoresistance and a substantial change in
ping mechanism:® Since the discovery of the high tempera- the magnetostriction near the Curie temperatufg) (for
ture superconducting copper oxides, study of these holex~0.175 crystal® Extensive experimental studies have
doped manganese oxides has seen a revival. This renewsithce been undertaken exploring a wide range of Sr doping
interest is due partly to the fact that LaMg@® a charge gap in this manganese oxide systéft® One expects that not
insulatoP associated with the large correlation energy of theonly the electronic parameters such as the band filling, the
d electrons in theey band, and also to the discovery of giant strength of the electron correlations and so forth, but also
magnetoresistance phenomena in samples with Sr dopaather dynamical properties in both spin and lattice motions
densities in the 02x=0.4 regimet®~*3The structural phase (or their interplay, play a crucial role in the manifestation of
transition can also be induced by magnetic fields when théhe interesting bulk properties. In other words, the
doping level is neak~0.17* La; _,Sr,MnO; system provides an opportunity to study a
In LaMnQ;, the four 31 electrons on the Mn sitévin®") number of important physical problems: the metal-insulator
share both the lowet,; band and the highee; band electronic transition, the antiferromagnetic-ferromagnetic or-
(3d4:t§geé). Due to a strong Hund coupling, all the spins dering phase change, and the lattice dynamics in the perov-
are parallel on a given Mn site. The electrons in égdand  skite structure associated with these phase transitions.
are highly correlated, creating the large correlation gap The spin dynamics of LgSr, sMnO; crystals, informa-
above the Fermi energy. Sr dopants naturally induce holes ition crucial for determining the itineracy of the system, have
the e; band near the Fermi energy, eventually producingnot been adequately studied. In,LaSr,MnO; (for x~0.3)
mobile holes and conduction. At some hole doping level thehe interatomic exchange integrals, or the ferromagnetic cou-
ordering changes from antiferromagnetic to ferromagnetipling constant between nearest neighbor manganese atom
with a large effective magnetic moment since the intra-spins, is predicted to be very strong due to the large transfer
atomic Hund coupling is strong enougtto align the spins  energy from holes hopping in the, band This exchange
within the same ionic site. Due to the strong intra-atomicconstant can be directly extracted from neutron scattering
ferromagnetic coupling between the itinerant holes and theneasurements of the spin-wave stiffness constant.
localized spins(S=3/2), the spins first canftilt) until the In the present publication, we describe measurements of
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the dynamical magnetic properties and show that the spin 600
wave stiffness is large, indicating a large transferred energy L
and itinerant ferromagnetic behavior. In addition, we de- -
scribe ongoing structural measurements which confirm that -
the crystal structure is rhombohedral, as previously -
reported® we observe a set of superlattice reflections from 500
which we determine this primary structural distortion is due i

to shifts of the oxygen atoms and it has no structural

anomaly at the Curie temperature. I {0 100 200 300 400 500]
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EXPERIMENT

The single crystal used in the present neutron scattering
measurement was grown at the Joint Research Center for
Atom Technology using the floating zof€Z) method, as
described in detail previousi. The crystal size is 3—4 mm
in diameter and 8 cm in length. The largest domain of the
crystal, which occupies about 1/3 of its length, was lined up
such that th¢111] and[011] axes lie in the scattering plane
(the [211] axis is vertical. We used the H8 and H9 triple
axis spectrometers at the High Flux Beam Reactor at
Brookhaven National Laboratory; H8 is a thernfglpically y
E=14.7 or 30.5 meV¥ neutron source, H9 provides a cold
(E=5 meV) neutron beam. Thé&02) reflection of pyrolytic 100
graphite crystals were used as monochromator and analyzer.
Collimations, in sequence from reactor to detector, were
40'-40'-S-80'-80 for H8 and 60-40'-30'-S-80'-80' for H9
for studying the magnetism. Structural investigations were
carried out at these collimations, as well as using a higher 0
resolution collimation of up to 1610'-S-10'-80" at H8.

Figure 1 shows the phase diagram for Lg&Sr,MnO;. In
the 0.15x=<0.3 dopant regime, a phase transition from fer- FIG. 1. Electronic and magnetic phase diaaram  of
romagnetic insulator to ferromagnetic metal as well as l‘ron]_a S'r Mnb Inset Shows resistivitg of thE=% 3 ervstal Ssed in
orthorhombic to rhombohedral crystal structure occtrs. et s Urushiberest yl Ref, 19] y
We decided to begin our investigations at higher dopant Ievetf1e present studjfrom Urushibarzet al. (Ref. 19].

(x~0.3), in part due to the availability of large single crys- determined® The total scattering far beloW, is given by
tals, and also in an effort to first understand the dynamics ofF )2+ (F,,)?. Using the measured peak intensities above
a less complicated system before tackling the many interestind far below the Curie temperature from Fig. 2, we solve
ing transitions occurring in the 0.8¥x<0.3 samples. At for a magnetic moment per Mn atom @f~3.6ug. This
x~0.3 the sample is a ferromagnetic metal at room temperaralue is close to that obtained for the similar material
ture with a Curie temperature near 380 K. AboVg the La,_,CaMnO; at x~0.3, u~3.5ug, by Wollan and
sample is a metallic paramagnet. The inset to Fig. 1 showKoehlef and it is close to the moment expected from adding
the resistivity measured on this crystal indicating that the0.3 holes ® a 4 electrons per Mn band. It is also interesting
transition from paramagnet to ferromagnet is accompanie¢b note that this crystal of LgSr, ;MnOj; is an example of a
by a large drop in the resistivity, while maintaining an over-ferromagnetic oxide with a large magnetic moment
all metallic temperature dependence. (uvn<4ug) Which shows metallic properties.

The inset of Fig. 2 shows the data ndg, and a fitto a
power law. The best fit give§-=378.1 K and an exponent
of 28=0.59+0.004. The resultant exponepit=0.295, is be-

Figure 2 shows the intensity of t{811) Bragg reflection low the well known three-dimensional Heisenberg ferromag-
as a function of temperature. This reflection has a particunet model value of 1/3.
larly weak nuclear structure facto(,FN>2:0.035< 10724 We also measured the characteristics of the spin wave in
cn?, and therefore has a small intensity in the paramagnetithe ferromagnetic state to determine how this material com-
phase. BelowT., magnetic scattering due to the ferro- pares to other ferromagnets. Figure 3 plots the dispersion
magnetism of spins aligning on the manganese atomeurve of the spin wave away from th@11) point for two
will produce a magnetic structure factor{F,)? temperature§T=300 K=0.79T¢c and T=27 K=0.07T¢).
=2/3 (e%y/mc?)2S%*f2, where the 2/3 is because we are av-The dispersions are well fit by parabolic functionsgin
eraging over magnetic domains with different spin direc- E—E.+Dg2 )
tions, the term in parentheses is a constant, o4
(e?y/mc?)?=0.538, the form factorf is known for Mn at  whereE, is the spin wave energy gap abxis the spin wave
this wave vector to be-0.6, andS=u/2 which is to be stiffness constant. The fitted values Bf (shown in Fig. 3
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FIG. 2. Intensity of thg011) Bragg peak as a function of tem-
perature. Inset shows the ddt@pen squargsnear the Curie tem-
perature and a fitsolid line) to a power law. The estimated mag-
netic moment of the Mn ions in the ferromagnetic state i.3.6

are 188-8 meV A? and 114-4 meV A for 27 and 300 K,
respectively. This change ID with temperature is very simi-
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FIG. 3. Spin-wave dispersion alon@1l) at 300 K (solid
circles and 27 K(open circles Horizontal lines indicate constant-
energy scans; vertical lines indicate constargeans. Solid lines
are fits toE=E,+ Dq?, whereE, is the spin-wave energy gap and
D is the spin-wave stiffness constant. The valueggtome from
fits to the highery data; however, no spin-wave energy gaps were
directly observed atj=0.

lar to previous measurements made on Fe at very low ten® constan& scan illustrating a profile that resembles spin

peratures (D=320 meV/A) and at 0.8. (D=175
meV A?).2! Although energy scans at constay(011) did

waves. From these paramagnetic studies, we have made pre-
liminary measurements ok and obtain a value oA~100

not reveal a spin wave energy gap at either temperaturdeV A2, This value is large and indeed comparable in size
within our resolution limit, the best fits to the data in Fig. 3 tO D.

required small values oE,: 0.75+0.40 meV and 0.35

+0.22 meV forT=27 and 300 K, respectively. Higher reso-
lution experiments are needed to determine if the spin-wave

energy gap is indeed nonzero.

STRUCTURE

Earlier measurements of 551 ;MnO; (Refs. 1-4 have

Another important topic for study in any ferromagnetic shown that its structure is nearly cubic, with a rhombohedral

system is the paramagnetic scatterifig<T).* Constantg

distortion. This distortion can be observed by the splitting of

scans should reveal a Lorentzian function centered at zenhe (hhh) peaks along the longitudinal directi¢due to dif-
energy transfer with a characteristic energy width having derent domaing as well as from an accurate alignment of the

functional form of

F<q>=Af(%) 0 @
whereA is a constant! «; is the inverse correlation length,
andf(«x,/q) is the Reibois-Piette functiof? [which is unity
at T and becomes proportional ta,/q)¥? in the hydrody-
namic regiol. «; is given by x,t®” wheret the reduced
temperaturet=T/T_). A is related to the spin-stiffness con-
stantD;?* when using the same system of uritseV and A
to the appropriate powgA andD have experimentally been

[h00] and [kk] axes. In Fig. %) we plot the high-
resolution longitudinal scan through tkE11) Bragg peak at
room temperature. From the observed splitting we determine
a value ofa=90.46+0.03°; we obtain the samefrom mea-
suring the angle betwedrl00] and[011]. We measure the
lattice constant to b@=3.876+0.003 A at room tempera-
ture.

A preliminary structural study has revealed superlattice
peaks at 1/2¢kl) [with h, k, and | all odd—one such peak is
plotted in Fig. b)], and missing superlattice peaks observed
for 1/2(hhh) (with h odd. These superlattice peaks were
confirmed in a powder sample study, one sughsgan is

found to be of the same order of magnitude. In typical me-shown in Fig. 6. The intensities of these half-integer points,

tallic ferromagnets such as iron and nickelandA are both
large??
We plot a constangt scan for Lg ;S sMnO; at T=408

and the missing intensities of the 1WHh) superlattice
points, are well fit by a simple model for the structure factor
of such points given by Axet al® for LaAlO;. We can

K=1.08T which shows a typical Lorentzian line shape in therefore see that the distortion is due to rotations of thg MO

Fig. 4@a). As has been shown previougfyFig. 4(b) displays

oxygen octahedra along ea¢tl1) axis to obtain a rhombo-
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La, Sr MnO, T =408K La,Sr, ,MnO, E =147meV T=300K
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FIG. 4. A constanty scan(a) and a constarE scan (b) for FIG. 5. (a) Splitting of the(111) peak andb) a superlattice peak
Lag 7Sty sMnO; in its paramagnetic statel &T¢). at 3(133 due to the rhombohedral distortion, both measured at

room temperature. Inset {®) illustrates that this structural distor-

hedral symmetry or aR,s phonon condensation. The point tion does not change when passing throdgh
group isR3c, one of the most common distortions in perov-
skite system$® with a rhombohedral unit cell containing two further lattice distortions are present in the,k8r, MnO;
ABC; units?’ Rietveld refinemerf was carried out on the system.
powder spectrum of Fig. 6 with the structure shown in the
inset of Fig. 6. The oxygen atoms shift in the directions of
the arrows by 0.240.01 A. The Mn-O bond lengths are
1.960 A and the O-Mn-O angle is either 90.7° or 89.3°. For localized ferromagnetic systems, the energy of the

The inset to Fig. &) demonstrates that the distortion in- spin wave near the zone boundary is approximately equal to
dicated by these superlattice reflections is unchanged wheT. However, in Lg S MnO;, we find that the spin
passing through the Curie temperatlicempare this to the wave energy is significantly larger than the Curie tempera-
large change due to the onset of magnetic scattering oliure of 378.1 K, as demonstrated by the large valub d¢the
served for the(011) Bragg peak in Fig. R Rietveld fits of  spin wave energy is on the order of a factor of three higher
300 and 400 K powder reflection data also show the oxygethanT¢). Our neutron scattering measurements determining
shifts change by less than our measurement error bar of 0.(d largeD (and A) therefore indicate that this system not
A. Therefore this primary rhombohedral structural distortioncompletely localized, but instead is itinerant in character.
is not related to the onset of ferromagnetism. If oxygen oc-The renormalization off c from the mean-field value by a
tahedra rotations are the only distortion in this material, weHeisenberg Hamiltoniatappropriate for ferromagnetic insu-
can rule out Jahn-Teller distortions since they freeze the rokators or localized spin systepnis considered to be a good
tation of the octahedra along a specific crystallographic axisneasure of the itineracy; an itinerant ferromagnet will have a
at the phase transition temperature. A secondary lattice didewer T compared to the mean-field value, but will have
tortion, a lattice contraction of 0.1% when cooling from large values oA andD,?® consistent with the present resullts.
T=400-300 K, is observed upon cooling and may or mayThe strong transfer energy is consistent with a modeFate
not be related to a Jahn-Teller effect. More detailed synchroin this itinerant system, and reflects a ladyéavoring at-J
tron x-ray structural studies are in progress to determine ifmode). We have also concluded from comparingwith T

DISCUSSION
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— T and polarons have been suggested as a possible explanation

‘ T T
i é‘ La. _Sr. MnO. Powder for the giant magnetoresistance effects obsefedrecent
16000~ = 077703 3 7 paper by Milliset all’ argues that a polaron effect from very
- T=300K, E, = 30.5meV, 20'-40'20'-40' strong electron-phonon coupling leads to better agreement

- 1 with transport results in La ,Sr,MnO; for 0.2<x<0.4. Mil-

: . lis et al. also point out that such a polaron picture requires
_ that the fluxuating oxygen displacements should be léofe
the order of 0.1 Afor temperatures abovk. , and small for
T<Tc. Our structural results demonstrate that the primary
lattice distortion arising fronR,s-type oxygen displacements

is independent of the temperature being above or bdlgw

In particular, the average oxygen atoms positions are the
. same within 0.01 A aT =400 and 300 K. Studies are ongo-

. ing look for a fluxuating oxygen position. It remains to be

. seen if secondary lattice distortions, such as the observed
_ lattice contraction, are related to polarons or if we can rule
out a polaron picture, at least for tlre=0.3 compound. This

3 still leaves the unresolved problem that double-exchange
mechanisms alone do not entirely describe the properties of
these materials’

12000~

8000

Counts / 770 Monitor

(100)

4000

(711)

1
2

2 (320

20 40 60 80 100 120
26 (degrees) ACKNOWLEDGMENTS

FIG. 6. Powder reflection scattering data obtained using 30.5 _We would like to thank R. J. Birgeneau, D. E. Cox, and P.
meV neutrons: the solid line connecting the data points is a guide t&0ni for enlightening discussions. This work was supported
the eye and peaks are labels with the cubic indices for each refleéd part by the U.S.-Japan Cooperative Program on Neutron
tion. TheR3c structure is drawn in the inset, with arrows indicating Scattering and by the Ministry of Education, Science and
the displacements of the oxygen atoms away from their faceCulture, Japan. Research at Brookhaven National Laboratory
centered positions. was supported by the Division of Materials Research at the

U.S. Department of Energy, under Contract No. DE-AC02-
that, even with a strong measured magnetic mor(&6ig), 76CHO00016. Work at Tohoku University was supported by
the ferromagnetism in L@gSr, sMnO; has an itinerant char- the Grant-in-Aid for the Priority Area. Research at the Joint
acter. Research Center for Atom Technology was supported by the

Evidence for polarons has been observed in the relateew Energy and Industrial Technology Development Orga-
Nd, sPd, MnO; compound above the Curie temperatdre nization(NEDO) of Japan.

1G. H. Jonker and J. H. van Santen, Phy<i6a337 (1950. 1A, Asamitsu, Y. Moritomo, Y. Tomioka, T. Arima, and Y.
2E. O. Wollan and W. C. Koehler, Phys. Re\00, 545 (1955. Tokura, Nature373 407 (1995.

3G. H. Jonker, Physica2, 707 (1956. 15C. Herring, inMagnetism edited by J. Rado and H. SufAca-
4J. B. Goodenough and J. M. Longon, Magnetic and Other demic, New York, 196§ Vol. 2.

Properties of Oxides and Related Compouretiited by K.-H.  ®N. Furukawa, J. Phys. Soc. JpB8, 3214(1994.
Hellwege and O. Madelung, Landolt-Bwstein, New Series, 1’A. J. Millis, P. B. Littlewood, and B. I. Shraiman, Phys. Rev.

Group I, Vol. 4, Pt. a(Springer-Verlag, Berlin, 1970 Lett. 74, 5144(1995.
5C. Zener, Phys. Re\82, 403(1951). 18y Moritomo, Y. Tomioka, A. Asamitsu, Y. Tokura, and Y. Mat-
6p. W. Anderson and H. Hasegawa, Phys. R0, 675(1955. sui, Phys. Rev. B51, 3297(1995.
’P. G. deGennes, Phys. Red00, 564 (1955. 19A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido,
8K. Kubo and N. Ohata, J. Phys. Soc. JB8, 21 (1972. and Y. Tokura, Phys. Rev. B1, 14 103(1995.
9T. Arima, Y. Tokura, and J. B. Torrance, Phys. Red®17 006  °N. Furukawa, J. Phys. Soc. JpB8, 3214(1994.
(1993. 213. P. Wicksted, P. Bu, and G. Shirane, Phys. Rev. 3, 3655
10K, Chahara, T. Ohno, M. Masahiro, and Y. Kozono, Appl. Phys.  (1984.
Lett. 63, 1990(1993. 22gee, for example, G. E. BacoNeutron Diffraction(Oxford Uni-
IR, von Helmolt, J. Wecker, B. Holzapfel, L. Schultz, and K. versity Press, London, 1952pp. 160—-171.
Samwer, Phys. Rev. Letf1, 2331(1993. 23R. Resibois and C. Piette, Phys. Rev. Le2d, 514 (1970.
25 Jin, T. H. Tiefel, M. McCormack, R. A. Fastnacht, R. Ramesh,?*P. Bmi, H. A. Mook, J. L. Martnez, and G. Shirane, Phys. Rev.
and L. H. Chen, Science64, 413(1994. B 47, 3137(1993.

13y, Tokura, A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, 2°J. D. Axe, G. Shirane, and K. A. Mer, Phys. Rev.183 820
G. Kido, and N. Furukawa, J. Phys. Soc. JB8, 3931(1994). (1969.



14 290 MICHAEL C. MARTIN et al. 53

26A. M. Glazer, Acta Crystallogr. 28, 3384(1972. Press, Oxford, 1993 Chap. 13; Y.-l. Kim and F. Izumi, J. Ce-
?7In the hexagonal axis schem@=5.5036 A andc=13.2908 A, ram. Soc. Jpn102, 401 (1994.
with &=8=90° andy=120°. 29G. Shirane, Y. J. Uemura, J. P. Wicksted, Y. Endoh, and Y.

28REITAN-04 computer program by F. lzumi; F. lzumi, in The Ishikawa, Phys. Rev. B1, 1227(1985.
Rietveld Method, edited by R. A. Youn{Oxford University



